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Abstract Using a high-resolution ocean general circula-

tion model forced by NCEP/NCAR reanalysis data, the

interannual variability of the Guinea Dome is studied from

a new viewpoint of its possible link with the Atlantic

Meridional Mode (AMM), which is related to the meridi-

onal migration of the Intertropical Convergence Zone

(ITCZ). The dome develops off Dakar seasonally from late

spring to late fall owing to the wind-induced Ekman

upwelling; its seasonal evolution is associated with the

northward migration of the ITCZ. When the ITCZ is

located anomalously northward (southward) from late

spring to early summer, as a result of the wind-evaporation-

sea surface temperature (SST) positive feedback with

positive (negative) SST anomaly over the Northern

Hemisphere, the dome becomes unusually strong (weak) in

fall as a result of stronger (weaker) Ekman upwelling. This

may contribute to the decay of the AMM. Thus, the cou-

pled nature between the AMM and the Guinea Dome could

be important in understanding, modeling, and predicting

the tropical Atlantic variability.

Keywords Atlantic Meridional Mode � Guinea Dome �
Intertropical Convergence Zone � Interannual variability

1 Introduction

The Guinea Dome (hereafter referred to as GD) is a

thermal upwelling dome in the northeastern tropical

Atlantic (Rossignol and Meyrueis 1964). It is sometimes

called the Dakar Dome. Its core is located near 10�N,

22�W and associated with a cyclonic circulation com-

posed of the eastward North Equatorial Countercurrent

(NECC), the eastward North Equatorial Undercurrent

(NEUC), and the westward North Equatorial Current

(NEC) (Mazeika 1967). Yamagata and Iizuka (1995,

hereafter referred to as YI95), using an ocean general

circulation model (OGCM), concluded that the GD

develops in boreal summer due to the regional Ekman

upwelling associated with the northward migration of the

Intertropical Convergence Zone (ITCZ), and matures in

fall.

In contrast to the other regions along the same latitude in

the Atlantic, the sea surface temperature (SST) in the GD

region is closely linked with subsurface temperature

(Dewitte and Schneider 2006), and thus ocean dynamics is

very important in the seasonal variation of SST (Yu et al.

2006). Since seasonal predictability of rainfall during July–

September over Senegal near the GD region is known to be

associated with SST anomaly (SSTA), interannual varia-

tions of the GD may be important from the regional cli-

matic viewpoint (Moron et al. 2006). Also, the GD has a

strong influence on biological activities; chlorophyll-a

concentration is high in the GD region and linked with the

intensity of the doming (Signorini et al. 1999; Pradhan

et al. 2006). Pelegri et al. (2006) showed that nutrient is

rich in surface during boreal fall when the GD is

reinforced.

Although the interannual variations of the GD seem to

be very important, they have not been understood very well

so far, partly due to sparseness of observational data.

Among few studies, Lazaro et al. (2005), based on the

altimeter data, have suggested that the interannual positive

anomaly of the GD in 1998 seems to be associated with the
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1997–1998 El Niño. However, its detailed mechanism is

still unclear.

In the present paper, using outputs from a high-resolu-

tion OGCM, we analyze the interannual variations of the

GD in detail and discuss their connection with the Atlantic

Meridional Mode (AMM) through the meridional migra-

tion of the ITCZ. The content is organized as follows. In

Sect. 2, a brief description of the model is given. Then, in

Sect. 3, the simulated seasonal variations of the GD are

compared with previous works to validate the present

model results. The interannual variations of the GD are

discussed in Sect. 4. The final section is reserved for

summaries and discussions.

2 Model description (OFES)

The high-resolution OGCM used in this study is based on

the modular ocean model (MOM3; Pacanowski and Grif-

fies 2000), and is called OFES (OGCM for the Earth

Simulator; Masumoto et al. 2004). It covers a near-global

basin from 75�S to 75�N with horizontal grid spacing of

0.1�. There are 54 vertical levels with varying distance

from 5 m at the surface to 330 m at the maximum depth of

6,065 m. The bottom topography is adopted from 1/30�
bathymetry dataset created by the Ocean Circulation and

Climate Advanced Model (OCCAM) project at the

Southampton Oceanography Center (obtained through

GFDL/NOAA). The viscosity and diffusivity vary in

space (Smith et al. 2000) and the background horizontal

bi-harmonic viscosity and diffusivity are -27 9 109 and

-9 9 109 m4 s-1, respectively. The KPP boundary layer

mixing scheme (Large et al. 1994) is adopted for the ver-

tical mixing.

For the climatological seasonal integration, monthly

mean climatology of wind stress data from the NCEP/

NCAR reanalysis data (Kalnay et al. 1996) averaged for the

period from 1950 to 1999 are used. The surface heat flux is

calculated using the monthly mean climatology from the

NCEP/NCAR reanalysis data by adopting the bulk formula

of Rosati and Miyakoda (1988). More than half of the

insolation is absorbed within a top half meter, and

the remaining fraction is absorbed within upper 50 m. The

fresh water flux is obtained from the same reanalysis data.

In addition, the surface salinity is restored to the monthly

mean sea surface salinity (SSS) of the World Ocean Atlas

1998 (WOA98; Conkright et al. 1998) with the restoring

time of 6 days. It includes the contribution from the river

run-off. In the sponge layer within 3� from northern and

southern artificial boundaries, the temperature and salinity

fields are restored to the monthly mean climatological

values (WOA98) at all depths. The restoring time at those

boundaries is 1 day and it increases up to the infinity in the

interior region. The model is integrated for 50 years from

the annual mean temperature and salinity fields (WOA98)

without motion. After this climatological seasonal inte-

gration, the model is driven by the daily NCEP/NCAR

reanalysis data from 1950 to 2001, with the same restoring

boundary condition for SSS. We have calculated monthly

climatology by averaging the model monthly data for

52 years from 1950 to 2001. In Sect. 4, we focus on the

interannual variability. Therefore, we define anomaly fields

as deviations from the monthly mean climatology, and

variability beyond a period of 8 years has been excluded by

a low-pass wavelet filter (Torrence and Compo 1998).

Also, 3-month running mean is applied.

For comparison, we use the subsurface temperature data

from the WOA05 (http://www.nodc.noaa.gov). Also, we

use the assimilation data of Masina et al. (2004) for the

horizontal velocity, the ERSSTv2 data for SSTA (Smith

and Reynolds 2004), and TOPEX/Poseidon data for the sea

surface height anomaly (SSHA) (http://podaac.jpl.nasa.

gov/cgi-bin/dcatalog/fam_summary.pl?ost?topex).

3 Annual cycle

We find a dome-like cold region in the subsurface tem-

perature field at a depth of 54 m from both the OFES result

and the WOA05 data (Fig. 1a, b). It extends westwards

from the northwestern African coast throughout a year. It is

particularly distinguishable from the end of boreal summer

to fall. As shown by Stramma et al. (2005), the core of the

GD in summer moves northwestward in fall. The core of

the strongest dome in fall is located near 12�N, 26�W. The

dome-like subsurface temperature pattern is more clearly

seen in vertical sections of the temperature (Fig. 2). The

subsurface doming of isotherms appears more clearly in the

meridional section than in the zonal section. This is

because the GD is located between the westward NEC

around 14�N and the eastward NECC around 9�N (Fig. 3),

as Siedler et al. (1992) discussed from the hydrographic

analyses.

The overall agreement between the model temperature

field and the WOA data is quite good except that the model

dome is about 1�C colder and extends further westward

than the observational data. Also, the southeastern corner

of the simulated GD is colder than the observation. YI95

showed that the coastal Guinea region experiences warm-

ing twice a year in April–July and November–December

due to the coastal downwelling Kelvin wave forced by the

semiannual relaxation of the trade wind in the equatorial

region east of 30�W. The warm events are slightly weaker

in the OFES. It may be due to the bias of the NCEP wind,

where the semiannual relaxation of the trade winds is

weaker.
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Here, we consider Region A (10�–13.5�N, 21�–30�W,

see Fig. 1a) that includes most of the developed dome in

fall. Figure 4 shows the vertical distribution of rate of

change of climatological temperature in Region A. The

seasonal changes of the simulated GD are confined almost

above a depth of 100 m and are most remarkable at around

50 m, as in the observation and the model results of Siedler

et al. (1992) and YI95. Then, we calculate the rate of

change of subsurface temperature at a depth of 54 m and

vertical velocity at a depth of 58 m averaged in Region A

(Fig. 5). The total rate of change is determined by three

terms: the vertical heat advection, the horizontal heat

Fig. 1 Annual march of subsurface temperature at a depth of 54 m

from a OFES and b WOA05. Contour interval of temperature is 1�C.

Temperatures \20�C are shaded. The location of Region A (10�–

13.5�N, 30�–21�W) is also shown in the panel for fall in a. c Wind

stress and Ekman upwelling from the NCEP/NCAR reanalysis data.

Magnitude of wind stress is shown by the vector drawn below figures

(in N m-2). Ekman upwelling is shown with contour interval of

10-6 m s-1 and areas with upwelling are shaded in c. Also, location

of ITCZ, defined as zero meridional wind stress, is shown by thick
line
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advection, and the residual term, which is computed as the

difference between the tendency term and the adiabatic

heat transport terms. Thus, the latter term is mostly due to

the diabatic process of mixing. Also, we assume that the

model vertical velocity at the depth is composed of the

regional wind-induced Ekman upwelling and the residual

that is calculated by subtracting the Ekman upwelling from

the model vertical velocity. Note that the latter term

includes the upwelling associated with the propagation of

remotely forced oceanic waves and non-linear effects.

From May through October, the subsurface temperature

in Region A decreases (Fig. 5a). The vertical heat advec-

tion related to upwelling dominates the cooling with a peak

in August. It is due mainly to the regional wind-induced

upwelling from May to October. We note that this variation

is associated with the meridional migration of the ITCZ

(Fig. 1c); it is located at the southernmost latitude in April,

then moves northward and reaches the northernmost loca-

tion during late summer. This may explain why the center

of the GD moves northwestward from summer through fall.

Also, the subsurface cooling in summer is out of phase with

sea surface heating (Fig. 4). Thus, the GD may provide a

favorable field of absorbing heat from the atmosphere

through the cold-water upwelling intensified in summer.

Since the simulated seasonal variation of the GD is con-

sistent with observation and previous image, we now focus

on the interannual variation.

4 Interannual variations

Figure 6 shows the interannual variation of the subsurface

temperature anomaly at a depth of 54 m, SSTA, and SSHA

in Region A. The correlation between the simulated SSTA

Fig. 2 a Temperature along

meridional (26�W) section

averaged from September to

October from OFES. Contour

interval is 1�C. Temperatures

\20�C are shaded. b As in

a but from WOA05. c As in

a but along zonal (12�N)

section. d As in c but from

WOA05
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and observational SSTA in Region A is 0.84. This high

correlation is expected because the model is forced by the

bulk formula, which is close to a restoring formulation for

latent heat flux and sensible heat flux. The correlation

between the simulated SSHA and observational SSHA in

Region A is 0.58. As is clear from these good correlations,

we may say that the interannual variations associated with

the GD are relatively well reproduced in the model.

However, we note that the simulated variability of SSHA is

weaker than that of observation. This model bias may be

due to the forcing of NCEP/NCAR wind stress. The vari-

ability of wind stress curl of NCEP/NCAR reanalysis data

is weaker than that of QuickSCAT data in Region A. Also,

shown in Fig. 6a is the subsurface temperature anomaly

averaged from September to November (SON), when the

GD is mature on the climatological basis. To clarify the

mechanism of the interannual variations, we adopt a

composite analysis hereafter. As shown in Table 1, eight

typical cold GD events in 1966, 1970, 1979, 1981, 1982,

1983, 1987, and 1991 and eight typical warm GD events in

1953, 1957, 1959, 1965, 1968, 1971, 1980, and 1985 are

selected because the anomalies in those exceed one stan-

dard deviation (about 0.8�C) during fall (SON).

4.1 Composites for cold GD years

The GD is anomalously cooled from late boreal spring

through summer, and reaches the height in fall (Fig. 7a).

To understand the mechanism in detail, we have calculated

the rate of change of the anomalous subsurface temperature

at a depth of 54 m and the vertical velocity anomaly at a

depth of 58 m in Region A in a manner similar to Fig. 5.

The rate of change of the anomalous subsurface tempera-

ture is negative from March through August with the

largest magnitude in May (Fig. 8a), which is due mainly to

the negative vertical heat advection. It is related to anom-

alously strong in situ Ekman upwelling induced by the

wind stress curl anomaly (Fig. 8b). This is in contrast with

the situation in the Angola Dome in the South Atlantic. The

interannual variation of the Angola Dome is mainly due to

the downwelling Rossby waves originating from the Kelvin

waves forced by the unusual relaxation of trade winds in

the central equatorial Atlantic (Doi et al. 2007).

As shown in Fig. 9a, the stronger Ekman upwelling in

Region A is related to the anomalously northward migra-

tion of the ITCZ from spring to early summer. This is

associated with the warm SSTA in the northern off-equa-

torial region during this season (Fig. 7b). Thus, the warm

Fig. 3 a Subsurface horizontal velocity vectors at a depth of 54 m in

the Guinea Dome region averaged from September to October from

OFES. b As in a but from assimilation data of Masina et al. (2004).

Unit is in m s-1

Fig. 4 Monthly rate of change of temperature in Region A (in

10-7 K s-1)
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SSTA in spring leads to the cold subsurface temperature

anomaly in summer and fall. The unusual warming of SST

from late winter to spring is explained mainly by the

positive latent heat flux anomaly associated with the

weaker evaporation owing to the weakened wind in spring

(Fig. 9); the anomalously northward migration of the ITCZ

is responsible for the southwesterly wind anomaly over

Region A and the weakening of the trade winds there. This

warming enhances the meridional gradient of SSTA and

results in further anomalously northward migration of the

ITCZ. This process is a typical example of the wind-

evaporation-SST (WES) feedback as discussed by Xie

(1999). Since our model is forced by the bulk formula,

further studies using a coupled general circulation model

are necessary to discuss the coupled feedback in details.

Breugem et al. (2007) showed that the northern tropical

Atlantic variability is closely linked with the WES feed-

back by use of an atmospheric general circulation model

coupled to a passive mixed layer model for the ocean. It is

consistent with results from coupled general circulation

models by Huang and Shukla (2005) and Breugem et al.

(2006).

The WES feedback develops not only owing to the

warm SSTA in the Northern Hemisphere, but also owing to

the cold SSTA in the Southern Hemisphere just as a mirror

image of the above; the northward migration of the ITCZ

causes the southeasterly wind anomaly in the Southern

Hemisphere in spring, leading to the stronger trade winds

and promotion of the evaporation (Figs. 7, 9). This

meridional SSTA dipole is known as the AMM, which was

Fig. 5 a Rate of change of temperature at a depth of 54 m: total rate

of change (‘‘Total’’) is determined by vertical heat advection,

horizontal heat advection, and residual term for Region A (in

10-7 K s-1). b Modeled vertical velocity at a depth of 58 m: modeled

vertical velocity (‘‘Total’’) is determined by regional-wind induced

Ekman upwelling and residual for Region A (in 10-6 m s-1)

Fig. 6 a Subsurface temperature anomaly (in �C) at a depth of 54 m

in Region A. The anomalies averaged from September to November

are shown by filled cycles. b SSTA (in �C) for OFES (solid line) and

ERSSTv2 (thin dashed line) in Region A. c SSHA (in 10-2 m) for

OFES (thick line) and TOPEX/Poseidon (thin dashed line) in Region

A. Correlation between OFES data and observational data is shown in

b and c

Table 1 Years of anomalously

cold and warm events of the

Guinea Dome considered in the

composite analyses

Years of cold

Guinea Dome

Years of warm

Guinea Dome

1966 1953

1970 1957

1979 1959

1981 1965

1982 1968

1983 1971

1987 1980

1991 1985
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originally identified by Servain (1991) using a principal

component analysis. The AMM develops in spring through

the WES feedback, and has a great impact on Atlantic

climate conditions interannually and decadally (Chang

et al. 1997). Although some papers inferred that the AMM

was a statistical artifact due to the assumption of spatial

orthogonality in the principal component (Enfield et al.

1999; Dommenget and Latif 2000), Kushnir et al. (2006)

confirmed the presence of the AMM from the regression

analysis of the precipitation data (see Xie and Carton 2004

for the recent review of the AMM). Since the dipole pattern

of SSTA is obtained from the composite analysis based on

the interannual variation of the GD in fall, our result further

supports the existence of the AMM.

Fig. 7 Anomalous a subsurface temperature at a depth of 54 m (in

�C), b SST (in �C), and c Ekman upwelling (in 10-6 m s-1) for eight

cold GD years (1966, 1970, 1979, 1981, 1982, 1983, 1987, and 1991).

0 indicates the cold GD years. Contour interval is 0.3�C for subsurface

temperature, 0.1�C for SST, and 0.25 9 10-6 m s-1 for Ekman

upwelling. Anomalies above 90% significance level are shaded
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Both the meridional gradient of SSTA and the anoma-

lously northward migration of the ITCZ are seen clearly in

six (1966, 1970, 1979, 1981, 1983, and 1987) out of eight

typical cold GD years (1966, 1970, 1979, 1981, 1982,

1983, 1987, and 1991), although the positive SSTA in the

Northern Hemisphere is much stronger than the negative

SSTA in the Southern Hemisphere in 1966 and 1979. In

2 years (1982 and 1983), the anomalously northward

migration of the ITCZ seems to be also related with the

Atlantic Niña (Zebiak 1993). This possible relationship

between the AMM and the Atlantic Niño/Niña is interest-

ing (Servain et al. 1999). However, the statistical signifi-

cance is too low to discuss it in detail. The cold GD in 1991

is an exceptional case because the GD is cold already in

winter of the previous year.

4.2 Composites for warm GD years

The GD is warmed anomalously from April through Sep-

tember and reaches its height in fall (Figs. 8c, 10a). The

vertical heat advection associated with the Ekman down-

welling anomaly excited by the weakened positive curl of

the wind stress seems to be responsible for this warming at

least up to early summer (Figs. 8d, 10c). This is because

the vertical velocity anomaly is well explained by the in

situ Ekman downwelling anomaly during the period. The

wind anomaly is due to the anomalously southward

migration of the ITCZ during spring (Fig. 11a). As seen in

the SSTA field in Fig. 10b, the negative SSTA in the

Northern Hemisphere during this season is responsible for

the ITCZ migration. The unusual cooling in the Northern

Hemisphere is explained mainly by the enhanced latent

heat loss from January through May, which is associated

with the stronger evaporation caused by the stronger wind

(Fig. 11). This cooling enhances the meridional gradient of

SSTA and results in further anomalously southward

migration of the ITCZ.

Thus, the composite for the warm GD years is almost a

mirror image of that of the cold GD years, and the

meridional gradient of SSTA in spring is responsible for

the anomalously warm GD in fall through the anomalously

southward migration of the ITCZ. This is clearly seen in

seven (1953, 1957, 1959, 1965, 1968, 1971, and 1985) out

of eight warm GD years (1953, 1957, 1959, 1965, 1968,

1971, 1980, and 1985), although the anomalously south-

ward migration of the ITCZ seems to be also related to

Fig. 8 a As in Fig. 5a, but for

anomalous rate of change for

eight cold GD years (in

10-7 K s-1). b As in Fig. 5b,

but for vertical velocity

anomaly for eight cold GD

years (in 10-6 m s-1). c As in

a but for eight warm GD years.

d As in b but for eight warm GD

years. Anomalies above 90%

significance level are shown by

filled circles
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Atlantic Niño during summer in 1957 and 1968. In 1980,

the GD is anomalously warm already from the previous

winter.

4.3 Possible impact of the GD on the AMM

Figure 12 shows the interannual variation of the AMM

index (AMMI), which is defined as the difference between

the northern index (SSTA in 5–15�N, 50�–20�W) and the

southern index (SSTA in 5–15�S, 20�W–10�E) (for loca-

tions; see Fig. 7b). We note that the correlation between

the AMMI derived from the OFES and that from the

ERSSTv2 is 0.85, which means the present model captures

the AMM in the real ocean rather well. The correlation

between the AMMI from the OFES averaged from March

to May and the subsurface temperature anomaly in Region

A averaged from SON is -0.46, which is significant above

99% confidence level based on the t test. Thus, we may

Fig. 9 As in Fig. 7 but for anomalous a wind stress (in N m-2), b sea surface heat flux (in W m-2), and c latent heat flux (in W m-2). Contour

interval for wind stress is 0.005 N m-2, and that for the surface and latent heat flux is 5 W m-2
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conclude that both positive and negative phases of the

AMM that develops in spring are related to the interannual

variations of the oceanic GD in fall through the meridional

migration of the ITCZ. This link is also identified from the

composite method based on the typical AMM years. This

involvement of the ocean dynamics in the AMM needs to

be paid more attention.

In order to further demonstrate a possible connection

between the subsurface temperature and SST, we have

calculated the heat budget anomaly for the upper 58 m over

Region A (Fig. 13). The temperature averaged above a

depth of 58 m increases anomalously from March to April

in the cold GD years. This warming is mainly due to

positive sea surface heat flux anomaly. In contrast, the

anomalous cooling from May to September is due to ver-

tical heat advection. For the warm GD years, the anoma-

lous cooling from March to April is due to negative

surface heat flux anomaly, and the mean temperature of the

Fig. 10 As in Fig. 7 but for eight warm GD years (1953, 1957, 1959, 1965, 1968, 1971, 1980, and 1985)
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upper 58 m is anomalously warmed from May to October

by the vertical heat advection. We note that the horizontal

heat transport is not important to the heat budget. Thus, the

retreat of the positive (negative) temperature anomaly

above a depth of 58 m over Region A during summer is

due to intensified (weakened) upwelling associated with

the anomalously cool (warm) GD. Therefore, the ocean–

atmosphere interaction including the variation in the sub-

surface temperature of the GD could be important in the

decay of the AMM, even though past studies on the AMM

discussed only the atmospheric forcing.

5 Summary and discussion

Using outputs from the high-resolution OGCM, the inter-

annual variation of the oceanic conditions of the GD is

investigated in detail. The GD develops off Dakar

Fig. 11 As in Fig. 9 but for eight warm GD years
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seasonally from late spring to late fall owing to the wind-

induced Ekman upwelling associated with the northward

migration of the ITCZ, but it shows large interannual

variability. We find that interannual subsurface temperature

variations of the GD in boreal fall are significantly corre-

lated with the AMM in spring. When the ITCZ is located

anomalously north (south) from late spring to early sum-

mer, the GD becomes unusually cold (warm) as a result of

the upwelling (downwelling) anomaly associated with the

positive (negative) wind stress curl anomaly. The north-

ward (southward) migration of the ITCZ is due to the WES

feedback mechanism in spring above the positive (nega-

tive) SST anomalies in the northern tropics. Thus, the cold

(warm) subsurface temperature anomaly in summer and

fall is associated with the SSTA of an opposite sign. This

interesting connection is found in this study for the first

time. Also, the retreat of the positive (negative) heat con-

tent above a depth of 58 m in summer is not due to the sea

surface heat flux, but due to the vertical heat transport

associated with the anomalously cold (warm) GD. Thus,

the decay of the AMM seems to be related to the GD.

However, the coupled nature still remains a hypothesis at

this stage because the present model has the weaknesses

that the humidity, air–temperature and wind cannot interact

with ocean variables. Further studies using an ocean–

atmosphere coupled general circulation model (CGCM) are

necessary to investigate the air–sea interaction processes

involving the GD in more detail; the work in this direction

is underway.

To reveal the origin of the initial SSTA also needs further

investigation. We have noticed that the southeasterly

(northwesterly) wind anomaly in the Southern Hemisphere

appears initially in January of the cold (warm) GD years

(figure not shown). It may lead to anomalously northward

(southward) migration of the ITCZ, and thus the south-

westerly (northeasterly) wind anomaly in the Northern

Hemisphere in spring. It may be associated with the

intensification of the subtropical high in the Southern

Hemisphere. Barreiro et al. (2004) suggested that the cross-

equatorial gradient is pre-conditioned by the southern tro-

pics. Also, the effects of the ENSO and the North Atlantic

Oscillation (NAO) on the trigger of the AMM were dis-

cussed by Chiang and Vimont (2004) and Barreiro et al.

(2005). In addition, the AMM may be preconditioned by

regional mixed-layer depth anomaly in the GD region.

Further studies are necessary to clarify the onset of the

AMM. The work in this direction is also underway by using

a CGCM.

Fig. 12 Atlantic meridional mode index (AMMI) from OFES (in

�C), which is defined as the SSTA averaged in the northern region

(5–15�N, 50�–20�W) minus that in the southern region (5–15�S,

20�W–10�E) (thick line). The values averaged from March to May

(MAM) are also show by filled cycles

Fig. 13 a Heat budget anomaly in the upper 58 m over Region A for

the cold GD years (in 10-7 K s-1). Total rate of change (‘‘Total’’) is

determined by sea surface heat flux, vertical heat advection,

horizontal heat advection, and residual term. b As in a but for eight

warm GD years. Anomalies above 90% significance level are shown

by filled circles
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All interannual variations of the GD cannot be explained

by the above mechanism. In years such as 1956 and 1970

(1977), when the GD is anomalously cold (warm) from

December of the previous year to February of this year, it

seems that the positive SSTA appears only in the Northern

Hemisphere during this season, instead of the meridional

SSTA dipole. The monopole behavior of the SSTA may be

related with the NAO (Ruiz-Barradas et al. 2000). Also, in

years such as 1994 (1966), the GD is anomalously warm

(cold) from December of the previous year. The Atlantic

Niño2 (Niña2), which is similar to the Atlantic Niño (Niña)

but peaks in boreal winter (Okumura and Xie 2006), may

be involved in those events.

We note that the Atlantic Niño is the main cause of the

interannual variation in the Angola Dome (Doi et al. 2007),

but not for that of the GD. The correlation between the

subsurface temperature anomaly at a depth of 54 m during

fall in the GD and SSTA during summer in ATL3 (20�W–

0�E, 3�S–3�N) is not significant. Also, the link is not iden-

tified from the composite analysis based on the typical

Atlantic Niño/Niña years. The meridional asymmetry of the

coastline in the eastern Atlantic basin may introduce dif-

ferences in the propagation of coastal Kelvin waves origi-

nating from the tropics (e.g. Busalacchi and Picaut 1983;

Schouten et al. 2005). However, strong events such as the

1963 and 1984 Atlantic Niño (1958 and 1997 Niña) seem to

have influenced the anomalous warming (cooling) of the GD

during summer not only through the anomalously southward

(northward) movement of the ITCZ, but also through prop-

agation of the coastal Kelvin waves along the West Africa.

The ocean dynamics in the GD region may play an

important role on determining the SST through variations

of the thermocline depth and the vertical heat transport. To

clarify the role of the GD could be important not only for

the AMM study itself, but also for the study of the regional

climate in surrounding countries. We believe the efforts

will also contribute to improvement of prediction of the

Atlantic climate conditions by use of a coupled ocean–

atmosphere model.
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